Flame acceleration and deflagration-to-detonation transition of an iso-octane vapor-air mixture in an obstacle-filled detonation tube were simulated by solving Navier-Stokes equations with a single-step reaction mechanism. A variable specific heat ratio was used in these simulations. Detonation cell size was successfully simulated for the iso-octane vapor-air mixture. Two methods for initiating detonation waves were revealed in a detonation tube with obstacles. Pressure and flame parameters, such as the temporal variation of total energy release rate, flame front location, propagation velocity of the flame front, and flame front area, were investigated during the flame acceleration and deflagration-to-detonation transition process. According to the variation of these parameters, flame acceleration and deflagration-to-detonation transition processes could be divided into four stages, i.e. the early stage of flame acceleration, the middle stage of flame acceleration, the end stage of flame acceleration, and the detonation transition stage. The effects of activation energy and pre-exponential factor on deflagration-to-detonation transition processes were examined. The results indicate that the pre-exponential factor and activation energy influence the flame parameters, but not the development law of flame acceleration or deflagration-to-detonation transition processes. For lower reactants activity, detonation wave is easy to fail in couple while bypassing obstacles in the obstacle-filled detonation tube, which causes a large fluctuation in flame propagation velocity and total energy release rate. The length of detonation tube filled by obstacles should not be more than deflagration-to-detonation transition distance. These investigations are conducive to understanding the flame acceleration and deflagration-to-detonation transition and developing detonation combustion chamber of pulse detonation engine.
Introduction
Pulse detonation engine (PDE), which obtains thrust from intermittent detonation wave, is a new highperformance propulsion technology because thermodynamic efficiency of detonation combustion is higher than that of conventional constant pressure combustion. Therefore, extensive experimental, computational, and theoretical studies about PDE have been carried out. [1] [2] [3] [4] An important challenge is how to generate the detonation wave quickly and simply for PDE. In PDE, the detonation wave can be initiated by flame acceleration and deflagration-to-detonation transition (DDT) because the direct onset of a detonation wave needs a large amount of energy. 5, 6 A flame accelerates easier and a detonation wave is more likely to initiate in a detonation tube with obstacles. Therefore, many studies focus on flame acceleration and DDT to decrease distance and time of DDT in PDE. [7] [8] [9] [10] [11] [12] [13] The effect of obstacles on DDT of PDE is very important. Obstacles can create more perturbations that increase the flame propagation velocity and decrease DDT distance quickly. Gamezo et al. 13 investigated flame acceleration and DDT in an obstacle-filled tube by one-step Arrhenius kinetics. The investigation indicated that DDT occurs more easily when the obstacle spacing is sufficiently large for Mach stems to form. Small obstacle spacing is beneficial for flame acceleration, but not for DDT. When blockage ratios are larger than 0.56 or lower than 0.31, the DDT distance increases sharply with the increase of blockage ratios. 13 Similar conclusions were obtained by Zhang and Bai. 14 In the experiments of Zhang and Bai, roughness, which is defined as the ratio of the wire diameter and the pitch of the Shchelkin spiral, can extend the detonation limits when it is smaller than 0.231. However, the roughness can narrow the detonation limits when it is larger than 0.333. 14 This occurs because larger obstacles promote the flow and flame acceleration, but they also weaken diffracting shocks. For successful detonations, it is necessary that the flame is accelerated to a minimum flame speed, which is approximately half the Chapman-Jouguet detonation wave velocity. 8 In the Gamezo simulations, detonation is ignited when a Mach stem formed by the diffracting shock reflecting from the bottom wall collides with an obstacle. 12 Detonation waves can also be initiated by the direct collision of a strong leading shock with an obstacle, and the collision results in a hot spot with a very high temperature and pressure. This phenomenon was also observed by Wang and Wen. 15 Kessler et al. 's 16 simulations found that reflected shocks and Mach stems could trigger hot spots, but whether these hot spots could ignite a detonation wave depends on the system geometry and local thermodynamic conditions. This makes the exact prediction of the location of DDT extremely difficult in PDE. Wang and Xu 17 provided detailed descriptions of the re-initiation phenomena induced by decoupled shock reflection. The interaction between the reflected shock and flame could induce RM and KH instabilities. However, compared with a local explosion induced by shock reflection, the shock-flame interaction contributes much less to the re-initiation of the detonation wave.
These initiation phenomena of detonation wave may be controlled by an underlying mechanism named shock wave amplification by coherent energy release (SWACER). 18 The SWACER mechanism considers that induction time gradients associated with temperature and concentration nonuniformities can lead to detonation initiation. It was demonstrated by some investigations that the SWACER mechanism is important for various DDT and direct initiation phenomena. [19] [20] [21] [22] The effects of chemical reactivity on the detonation initiation were investigated by Zhu. Zhu et al. 's 23 results showed that for a higher chemical reactivity or lower activation energy, the flame can be severely distorted to form a reactive shock bifurcation structure with detonations initiating at different threedimensional spatial locations.
Although a large number of experimental, computational, and theoretical studies about DDT have been carried out, there is still more work required to fully understand the flame acceleration and onset of DDT to improve the performance of PDE. In this work, we simulated the DDT process of iso-octane vapor-air mixture in a detonation tube with obstacles by solving Navier-Stokes (N-S) equations with a single-step reaction mechanism. The variation of pressure, total energy release rate, flame front location, propagation velocity of the flame front, and flame front area during the flame acceleration and DDT process were investigated. The effects of activation energy and a pre-exponential factor on these processes were considered in this paper. This work is conducive to understanding the flame acceleration and DDT in detonation tube and developing combustion chamber of PDE.
Numerical method and model

Numerical method
The two-dimensional reactive N-S equations, which were used in this paper to simulate flame acceleration and DDTs, 12, 13 are expressed as follows
where U is a conservative variable, F and G are convective terms, F V and G V are viscosity terms, S is a source term of reaction, and H is an axisymmetric source term. Each term is shown as follows D@Y=@x   2   6  6  6  6  6  6  4 where , T, p, v, u, q, and _ ! are density, temperature, pressure, the velocity component of x direction, the velocity component of y direction, chemical heat release per unit mass, and chemical reaction rate, respectively. Y is the mass fraction of the reactant, which changes from 0 to 1. The reactants are assumed to behave as an ideal gas. E is total energy per unit mass, and it is expressed as follows
Normal stresses ( xx , yy ) and shear stresses ( xy , yx ) can be written as
where is the viscosity coefficient and is expressed by
where
. q x and q y are energy fluxes of x and y directions due to thermal conduction, respectively, and are given as
where K is the thermal conductivity and is expressed by
where Pr is the Prandtl number, Pr ¼ 0.72. The specific heat at constant pressure, C p , can be expressed as
Mass diffusion is influenced not only by the concentration gradient, but also by temperature and pressure gradient; however, the latter two gradients can be ignored because they have a small effect on mass diffusion. Therefore, only the concentration gradient is considered in this work. J x and J y are the mass diffusions of the x direction and y direction, respectively, and are given as
where D is the diffusion coefficient and can be expressed as
where Sc is the Schmidt number, Sc ¼ 0.83. For simulation of DDT in tubes, the number of the mesh elements would need to be on the order of a million to possibly even tens of millions. Detailed kinetic schemes would be expensive, and are insufficient in quantitative simulation of detonation cell size of reactants. 29 Therefore, a one-step Arrhenius chemistry model was used in this study and the reaction rate is given by
where A is the pre-exponential factor, E a is the activation energy for the reaction, and R 0 is the gas constant. The chemical heat release per unit mass, q ¼ 4.498 Â 10 6 J/mol, is calculated by
where Ma U is the Mach number of the reactant relative to the detonation wave, the subscripts U and B denote the reactant and product, respectively.
The reactants are assumed to be fully premixed in this study. The gas constant of the mixture of the reactant and product is given by
The strong dependence of detonation structure on the specific heat ratio makes the choice of this parameter important for the simulations. 16 Therefore, a variable is considered in this work. The of a stoichiometric octane vapor-air mixture for different temperatures can be calculated by chemical equilibrium with applications (CEA) software, as shown by the black dots in Figure 1 . More details about the CEA software are shown in https://www.grc.nasa.gov/ WWW/CEAWeb/. Therefore, is not a constant in this work, and can be fitted by
where a ¼ 1.65278, b ¼ À0.08419, and c ¼ 0.2217.
The two-dimensional reactive N-S equations are discretized based on the finite volume method. Primitive variables are reconstructed by a third-order accurate MUSCL scheme to improve the accuracy of spatial discretization. Convection flux quantities are discretized by the AUSMPWþ scheme. 24 A central scheme is used to discretize viscosity flux quantities. A secondorder Runge-Kutta time marching is adopted for unsteady problems. The time-operator splitting algorithm is used to address the stiff problem.
Physical model
The computational domain is a detonation tube with evenly spaced obstacles. The detonation tube is closed at the left end and can be open to the atmosphere at the right end. The diameter and length of the detonation tube are 50 mm and 1200 mm, respectively. The obstacles are 6 mm thick, and their heights are 6 mm with a blockage ratio of 0.422. The obstacle spacing is set to 40 mm. An adiabatic nonslip wall is assumed at the left and upper planes, and an axial symmetry is imposed at the bottom plane, as shown in Figure 2 . Quadrilateral grids are adopted in the computational domain. The maximum grid resolution of 0.167 mm is used, and more refined grids are applied at the wall in this simulation, as shown in Figure 3 . The initial flame radius is 10 mm at the left end, as shown in Figure 4 .
Method validation
For a stoichiometric iso-octane vapor-air mixture, the activation energy E a in a one-step Arrhenius chemistry model is 180 kJ/mol. 25 In our work, the pre-exponential factor of A ¼ 5.0 Â 10 9 s À1 is selected to obtain calculated detonation cell size which match experimental cell size. Figure 5 shows the C-J parameters of the detonation wave simulated by this model. The Mach number of Figure 5 is in relative coordinate system. The C-J plane is at the location of Ma ¼ 1 in relative coordinate system. The pressure, temperature of C-J point, and propagation velocity of detonation wave are 1.52 MPa, 2838.7 K, and 1791.2 m/s, respectively. The errors of these parameters are 0.53%, 0.13%, and 0.23% respectively, relative to the theoretical value calculated by CEA software.
The detonation cell structure was simulated by this numerical method, as shown in Figure 6 . When the initial conditions are the same as the experimental conditions, the simulated detonation cell sizes are from 25 mm to 50 mm and the average cell size is around 40 mm, which agrees with the experimental data. 26 The laminar flame velocity and adiabatic flame temperature are 39 cm/s and 2279.9 K respectively in this model. The additional parameters for stoichiometric iso-octane-air mixture are shown in Table 1 . The theoretical values, such as C-J parameters and adiabatic flame temperature are calculated by CEA software.
Results and discussion
Flame acceleration and detonation initiation
Figures 7 and 8 show the flame, pressure wave, and energy release rate during the DDT process. The energy release rate, W q , can be calculated by Table 1 . Input parameters and output parameters for stoichiometric iso-octane-air mixture.
Input parameters
Initial pressure, An initial flame is formed by ignition at the closed end of the detonation tube. Due to the thermal expansion of combustion production, the flame front moves towards the outlet of the tube and its velocity increases. The flame surface area and energy release rate increase due to stretching created by the flow and wrinkling caused by fluid-dynamic instabilities and obstacles. Several unreacted gas pockets are formed behind the main flame front, which leads to a further increase in the flame surface area, energy release rate, and flame speed at 1.16 ms. The speed of combustion production, which is relative to the tube, is about 400-1100 m/s, and the corresponding Mach number is about 0.5-1.0 at 1.16 ms. When the flow speed approaches the speed of sound, shock waves form and enhance gradually. The shock waves move backwards behind the flame front and compress the combustion production. The bow shock wave moves forward before the flame front compresses the fresh reactant and forms a Mach stem by its reflection on the wall, see Figure 7 at 1.384 ms. The shock-flame interactions play an important role in the DDT process.
The bow shock wave and Mach stem collide with the obstacle, which compresses the fresh reactant, increasing the temperature and pressure at the obstacle. Then, a hot spot forms with high energy release rate at the same place, see Figure 7 at 1.392 ms. The hot spot can create a spatial temperature gradient, which induces a The reactant can be spontaneously ignited at the location of the minimum induction time by Zeldovich gradient mechanism. The sequential spontaneous ignition of portions of the reactant results in the formation of spontaneous flame, which propagates through the reactant. This spontaneous flame can then produce a compression wave. The compression wave is gradually amplified into a strong shock wave that can auto-ignite the mixture and create a local explosion. The local explosion evolves into a backward detonation wave due to the obstacle. The backward detonation wave degenerates into a shock wave after it propagates into combustion production; then, the shock wave converges at the axis of the tube and generates a new strong shock wave behind the flame front, see Figure 7 at 1.4 ms. A new detonation wave forms at the axis when the strong shock wave catches up with the flame front at 1.404 ms.
Because the fresh reactant was compressed by a leading bow shock wave, the new detonation wave behind the leading bow shock wave has a higher pressure and temperature, and it causes a rapid increase in flame speed, as shown in Figures 7 and 8 . The new detonation wave catches up to the leading bow shock wave at 1.408 ms. A transverse detonation wave, which propagates along the radial direction, causes the main detonation wave front to increase, see Figure 7 at 1.413 ms. The energy release rate of the detonation wave is significantly greater than that of the deflagration wave, see Figure 8 at 1.413 ms.
It can be seen from Figures 7 and 8 that two initiation methods for detonation wave were revealed in this simulation. The first is that the detonation wave is initiated directly by a collision between a curved shock wave, Mach stem and obstacle, which urges the formation of a local explosion. The other is that the strong shock wave behind the flame front catches up to the flame front and they join to form the detonation wave. Figure 9 shows the temporal variation of total energy release rate, W q , flame front location, L f , propagation velocity of the flame front, V f , and flame front area, A f , in the flame acceleration and DDT process. The flame front is defined as the iso-surface where the reaction mass fraction, Y, is 0.5, and W q is the integral sum of W q on all computing units. The propagation velocity of the flame front, V f , is the propagation distance of flame front per unit time. From Figure 9 , at the beginning of the ignition, pressure wave appears, flame and pressure wave propagate to downstream. Due to the expansion of combustion production, a low-pressure zone appears behind the flame front. Then the flame front moves back to the low pressure zone. Therefore, the velocity of flame front is negative at t ¼ 0.13 ms. In the early stage of flame acceleration (t < 0.85 ms), due to the instability of the flame front, the flame front area and propagation velocity begin to increase slowly, and the total energy release rate also begins to increase slowly. Then, because of the instability of the flame front and the interaction of flame, shock waves and obstacle, wrinkled flame surface and unburned gas vortex result in a fast increase of flame area at middle stages of flame acceleration (0.85-1.1 ms), as well as the flame propagation velocity and total energy release rate. However, the wrinkle and unburned gas vortex decrease at the end stage of flame acceleration (1.1-1.4 ms) because the reaction rate was increased by the compression of strong shock wave. This led to a decrease in flame surface. Therefore, at t ¼ 1.1 ms, the flame front propagates to 0.262 m, and the flame front area reaches to the maximum value, A f ¼ 0.05364 m 2 . The flame have fast speed when the flame passing through obstacle. Then the flame will slow down due to expansion wave at backward step when the flame passed through the obstacle. Therefore, the velocity of flame front have a fluctuation in obstacle-filled detonation tube, as shown in Figure 9 , and this results in a fluctuation of energy release rate. The velocity of the flame front further increases, but the flame area decreases. This leads to the total energy release rate fluctuating near 0.73 Â 10 8 J/s instead of increasing. At t ¼ 1.4 ms, the detonation wave forms, and the flame propagates to 0.49 m. At the same time, the flame propagation velocity has a sharp increase, from 700 m/s to 2690 m/s, and finally fluctuates near 1800 m/s with a higher amplitude than before. The large change of velocity causes the large fluctuation of total energy release rate, and the flame front area remains constant after the formation of the detonation wave. Detonation wave propagates in obstacle-filled detonation tube after DDT occurs. Expansion wave is formed by diffraction of leading shock at backward step when detonation wave passed through obstacle. The expansion wave can attenuate leading shock of the detonation wave, and the detonation wave degenerates into deflagration at t ¼ 1.5247 ms, as shown in Figure 10 . For lower chemical activity of reactants, the detonation wave, which is a tight coupling of shock and flame, is easy to fail in couple while it bypasses barriers, which leads to a decrease in flame velocity and total energy release rate, as shown in Figure 9 . Figure 11 shows the pressure distribution on the axis of the detonation tube for different times. It can be seen from Figure 11 that the pressure in the detoantion tube increased with time. A strong shock wave formed before the flame front at the end stage of flame acceleration. Due to the collision of strong shock waves reflected from the obstacle, high local pressure occurred on the axis of the tube after the flame front. The local pressure was higher than 10 MPa at the detonation transition stage, which was over 100 times the initial pressure.
Effect of pre-exponential factor
The flame acceleration and detonation initiation are closely related to the parameters of the reaction model, such as the pre-exponential factor, A, and activation energy, E a . Therefore, it is important to analyze the sensitivity of modeling the DDT process to the preexponential factor and activation energy. The effects of the pre-exponential factor and activation energy on the DDT process are researched in the paper. Figure 12 shows the temporal variation of the flame parameters, such as flame area, A f , flame propagation velocity, V f , flame location, L f , and total energy release rate, W q , during flame acceleration and the DDT process for different pre-exponential factors (A ¼ 4.5 Â 10 9 s À1 , 5.0 Â 10 9 s
À1
, and 5.5 Â 10 9 s À1 ). These cases are calculated at the same activation energy (E a ¼ 180 kJ/mol).
From Figure 12 , the development process of the flame area is consistent with different pre-exponential factors. In the early stage of flame acceleration (t < 0.8 ms), the flame area has the same growth rate. Then, the flame area enters the rapid increase stage and reaches the peak value. In the middle stage of flame acceleration, with the increase of pre-exponential factors, the growth rate of the flame area increases gradually, and the time required to reach the peak value of the flame area is shortened. When the pre-exponential factor increases by 10% (from 5.0 Â 10 9 s À1 to 5.5 Â 10 9 s À1 ), the time is shortened by 10.5% (from 1.106 ms to 0.990 ms). When the pre-exponential factor decreases by 10% (from 5.0 Â 10 9 s À1 to 4.5 Â 10 9 s À1 ), the time is increased by 6.0% (from 1.106 ms to 1.172 ms). The peak value of the flame area is nearly constant for the different pre-exponential factors. The flame area reaches the peak value and then decreases rapidly accompanied by obvious fluctuations. When the Figure 10 . Attenuation of detonation wave at t ¼ 1.5247 ms.
flame area decreases to 0.005 m 2 , the detonation wave forms and the flame area stops decreasing and fluctuates near 0.005 m 2 . The pre-exponential factor has little effect on the flame area after detonation wave formation.
It can be seen from Figure 12 that the development law of flame propagation velocity is weakly dependent on the pre-exponential factors. In the early stage of flame acceleration (t < 0.8 ms), the flame propagation velocity increases slowly, and the pre-exponential factor has only a small effect on flame acceleration. Then, the growth rate of flame velocity increases accompanied by obvious fluctuation in velocity. When the detonation wave forms, the flame velocities all appear to increase sharply with different pre-exponential factors and eventually fluctuate around the C-J detonation velocity. Therefore, the pre-exponential factor has little effect on the detonation wave propagation velocity, but a large effect on the formation time of the detonation wave. The DDT time decreases as the pre-exponential factor increases. The formation of the detonation wave requires the flame acceleration to approach 900 m/s (approximately half of the C-J detonation velocity), which is consistent with the experimental results by Lee et al. 8 Figure 12 also shows the temporary variation of flame front location with different pre-exponential factors. The dots in Figure 12 represent the initiation position of the detonation wave, and the corresponding distance and time are DDT distance and DDT time, respectively. From Figure 12 , the development law of flame front location is weakly dependent on the pre-exponential factor. The flame front location increases exponentially with time before the transition of the detonation wave and increases linearly with time after detonation wave formation. Both the DDT distance and DDT time decrease when the pre-exponential factor increases. It is apparent that the total energy release rate is affected by the flame area and flame propagation velocity. From Figure 12 , the development law of the total energy release rate is consistent for different preexponential factors. In the early stage of flame acceleration, the total energy release rate increases slowly because of the slow increase of flame area and propagation velocity, and the pre-exponential factor has a small effect on the total energy release rate at this stage. Then, the flame area, velocity, and total energy release rate enter the rapid growth stage. When the flame area reaches the peak value, the flame area begins to decrease quickly and the flame velocity continues to increase rapidly, both of which lead to the total energy release rate appearing as a platform. The total energy release rate fluctuates near the constant value in the platform, which is weakly dependent on the pre-exponential factor. The total energy release rate has a sharp increase when the detonation wave initiates, and fluctuates obviously due to the increase of flame velocity fluctuation in the tube with obstacles after the detonation wave formation. Figure 13 shows the temporary variation of flame parameters for different activation energies (E a ¼ 162 kJ/ mol, 180 kJ/mol, and 198 kJ/mol) with the same preexponential factors (A ¼ 5.0 Â 109 s À1 ). From Figure 13 , the development process of the flame area is consistent with different activation energies and the same pre-exponential factor. Therefore, the pre-exponential factor and activation energy do not affect the development law of the flame area. The development of flame area always has four stages, which are the slow increase stage, rapid increase stage, rapid decrease stage, and stable stage. With the increase of activation energy, the flame area peak increases obviously, and the time required to reach this peak value also increases clearly due to the increasingly difficult chemical reaction process. When the activation energy increases by 10% (from 180 kJ/mol to 198 kJ/ mol), the peak value of flame area increases by 96% (from 0.053 m 2 to 0.104 m 2 ), and the corresponding time lengthens by 78% (from 1.106 ms to 1.97 ms). When the activation energy decreases by 10% (from 180 kJ/mol to 162 kJ/mol), the peak value decreases by 49% (from 0.053 m 2 to 0.027 m 2 ), and the corresponding time shortens by 36.7% (from 1.106 ms to 0.7 ms). Figure 13 also shows the temporary variation of flame front location for different activation energies, Figure 13 . Flame acceleration and DDT process for different activation energies (dots represent the initiation of detonation wave). and the dots represent the initiation position of the detonation wave, and the corresponding distance and time are the DDT distance and DDT time, respectively. From Figure 13 , the variation of activation energy has a great influence on the DDT distance and DDT time, and the DDT distance and DDT time decrease when the activation energy decreases. When the activation energy decreases by 10% (from 180 kJ/mol to 162 kJ/mol), the DDT time decreases by 40.1% (from 1.4 ms to 0.838 ms), and the DDT distance is shortened by 33.3% (from 0.49 m to 0.327 m). When the activation energy increases by 10% (from 180 kJ/mol to 198 kJ/mol), the detonation wave is not observed in the detonation tube with obstacles.
Effect of activation energy
For different activation energies, the development laws of the total energy release rates are basically consistent, and they all have three stages: the slow increase stage, rapid increase stage, and platform stage in flame acceleration. The total energy release rate has a clearly sharp increase when the detonation wave is formed. According to Figure 13 , the total energy release rate is affected strongly by the flame propagation velocity after the detonation wave formation, and the fluctuation of total energy release rate increases with the increasing amplitude of the flame velocity.
It can also be seen from Figure 13 that, the average flame velocity is the same for different activation energies, and fluctuates approximately 1800 m/s after the detonation wave forms. However, the fluctuation amplitude of flame velocity decreases when the activation energy increases. This is mainly because the C-J velocity of detonation wave mainly depends on the heat released by reactants and the thermodynamic parameters and is isolated from the activation energy and pre-exponential factor. The activation energy decrease leads to increasing reactants activity, and the detonation wave is not easy to fail in couple when bypassing the barrier, so the fluctuation of flame velocity is small. The activity of the reactants decreases as the activation energy increases, and the detonation wave easily fails in couple while bypassing the barrier, which leads to a decrease in average flame velocity. The flame propagation velocity increases again when the detonation wave is formed again, which causes a large fluctuation in velocity. Therefore, the larger the activation energy, the lower the activity of the reactants, and the attenuation of detonation wave is more easily done in the obstacle-filled tube. When the activation energy increases to 198 kJ/mol, the detonation wave is not achieved and cannot steadily propagate in the obstacle-filled tube of 50 mm, the flame accelerates to a ''chocked flame'', 7 then the flame speed fluctuates around 1000 m/s, as shown in Figure 13 . Therefore, compared with the activation energy of 180 kJ/mol, the pressure in the detonation tube is obviously lower for an activation energy of 198 kJ/mol, and the pressure increases slowly with time, as shown in Figure 14 .
Conclusion
In this work, flame acceleration and DDT in a detonation tube with obstacles for an iso-octane-air mixture are simulated by a one-step Arrhenius chemistry model with varying specific heat ratio. The variation of pressure and flame parameters, such as flame front area, A f , flame velocity, V f , flame location, L f , and total energy release rate, W q , are investigated during flame acceleration and DDT for different pre-exponential factors and activation energies. The following conclusions are made:
1. The detonation cell structure of the iso-octane vapor-air mixture is successfully simulated by a one-step Arrhenius chemistry model with varying specific heat ratios. The simulated detonation cell sizes are from 25 mm to 50 mm and mainly focus on near 40 mm, which agrees with the experimental data. 26 2. Two methods for initiating detonation waves were revealed in the detonation tube with obstacles. The first occurs when the detonation wave is initiated by a collision between the curved shock wave, Mach stem and obstacle, which creates a local explosion.
The same results were obtained in the experiments by Teodorczyk. 27 The second is that the strong shock wave behind the flame front catches up to the flame front and they couple to form the detonation wave. 3. According to the variation law of flame parameters, flame acceleration and DDT processes can be divided into four stages. In the first stage, flame front propagation velocity, flame area, and total energy release rate increase slowly. In the second stage, flame front propagation velocity, flame area, and total energy release rate increase rapidly, and the flame area increases up to maximum value at the end of the second stage. In the third stage, flame propagation velocity continues to increase rapidly, but the flame front area quickly decreases, and the total energy release rate appears as a platform that has fluctuated around a constant value. In the last stage, a detonation wave is initiated, the flame velocity and total energy release rate increase sharply, and flame front area reaches the minimum value. 4. The pre-exponential factor and activation energy influence the flame parameters, but not the development law of flame acceleration or DDT processes in obstacle-filled detonation tube. Therefore, there are always four stages in flame acceleration and DDT for different pre-exponential factors and activation energies. 5. With an increase in the activation energy, the peak value of the flame area increases obviously, the time required to reach this peak value also increases clearly, and detonation wave is easy to fail in couple while bypassing obstacles in the obstaclefilled detonation tube, which causes a large fluctuation in flame propagation velocity and total energy release rate. For lower reactants activity, the obstacles can restrain the steady propagation of detonation wave. Therefore, the length of detonation tube filled by obstacles should not be more than DDT distance. It means that obstacles should not be placed behind the position of detonation formation for PDE.
These conclusions are conducive to understanding the flame acceleration and DDT in detonation tube and developing detonation combustion chamber of PDE. However, because of the differences in induction time of one-step chemistry model and detailed chemistry model, 30 there are still some work that need to be improved, for instance, developing more accurate chemistry model. Therefore, we will further improve the one-step chemistry model or use the detailed chemistry model in our further researches to reveal flame acceleration and DDT for mixture of iso-octane vapor and air.
